Understanding the linear and nonlinear responses of runoff to environmental change is crucial to optimally manage water resources in river basins. This study proposes a generic framework-based hydrological model (Soil and Water Assessment Tool (SWAT)) and two approaches, to comprehensively assess the impacts of anthropogenic activities and climate variability on runoff over the representative Hutuo River Basin (HRB), China. Results showed that SWAT performed well in capturing the runoff trend in HRB; however, it exhibited better performance for the calibration period than for the validation. During 1961-2000, about 26.06% of the catchment area was changed, mainly from forest to farmland and urban, and the climate changed to warmer and drier. The integrated effects of the anthropogenic activities and climate variability decreased annual runoff in HRB by 96.6 mm. Direct human activities were responsible for 52.16% of runoff reduction. Climate (land use) decreased runoff by 45.30% (2.06%), whereas the combined (land use þ climate) impact resulted in more runoff decrease, by 47.84%. Land use-climate interactive effect is inherent in HRB and decreased runoff by 1.02%. The proposed framework can be applied to improve the current understanding of runoff variation in river basins, for supporting sustainable water resources management strategies.
INTRODUCTION
Over the past decades, the runoff in many regions around the world has significantly decreased. Human activities and climate variability are regarded as the two driving factors for the runoff changes (e.g., Nijssen et al. ; Bao et al. ) . Thus, it is very important to understand and quantitatively evaluate the effects of these factors on runoff ( Jiang et al. ) . However, the interactions between these factors have a confounding effect that makes inferring causation difficult to achieve at a sufficient scale (Bogena et al. ; Zhang & Schilling ) . For instance, the conversion of forest to crop land and extensive urbanization are observed to affect the exchange of moisture and heat between terrestrial and atmospheric components and hence change local and regional surface temperatures and rainfall patterns (Wang et To assess the hydrological effects of human activities and climate variability, several methods have been used, which can be categorized into four groups: experimental paired catchment method (e.g., Scott et al. ) , statistical methods (e.g., Tian et al. ) , climate sensitivity analysis approach (e.g., Liu & Xia ), and distributed hydrological models. However, among these techniques, the distributed hydrological models are by far the most appealing tools to carry out impact assessment studies (Mango et al. ) . These models provide a distributed framework that takes physically observable land surface characteristics and meteorological conditions into account (Refsgaard & Knudsen ) address and meet these challenges, integrated assessment approaches are needed which take into account the interactive effects of the driving factors on river runoff. The present study addresses this issue through systematic investigation, considering both the separated and complex-coupled natural and human influences.
The main objective of this study is to explore the separated and interactive impacts of climate variability and anthropogenic activities on river runoff over the representative HRB. To this end, a generic framework, based on a hydrological model (SWAT) and two simple approaches, is proposed. The main research work involved: (1) isolating quantitatively the impacts of three main processes, i.e., direct human activities, climate variability and land use change on runoff; (2) estimating the interactive effect of climate variability and land use change on the river runoff.
MATERIALS AND METHODS

Study area
The HRB is a headwater mountainous sub-basin of the Haihe period were obtained for Nanzhuang hydrological station (see Figure 1 ).
Analyzing the hydroclimatic trend
In this study, the nonparametric Mann-Kendall test ( (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) . Compared with the average runoff in the baseline period (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) , runoff variability in the impacted period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) was mainly due to three factors: direct human activities, climate variability, and land use change.
In this study, the direct human activities refer to the direct withdrawal of water from river channels for irrigation, industrial and domestic usage (hereafter referred to as D.HA), while climate variability refers to changes in precipitation and temperature. To evaluate the impacts of these factors on river runoff, five scenarios were considered as follows: 
Estimating climate-land use interactive effect
Herein, the runoff variability during the impacted period is considered as a function of land use and climate variability:
where (Q) is runoff, (f) is a highly nonlinear function, (L) stands for land use and (C) for climate variability. For a given catchment, the runoff change due to land use (ΔQ L ) and climate variability (ΔQ C ) can be approximated as:
where land use change (ΔL) and climate variability (ΔC ) can be approximated as:
The contrast between SR.A and SR.D indicates the combined effect of land use and climate variability on runoff (ΔQ Int ), which can be approximated as:
Climate variability and land use are not readily independent factors; therefore, the nonlinear interaction cannot be negligible. Accordingly, the residue of climate variability (SR.C) and combined effect scenario (SR.D) not only comprised the single effect of land use change but also the exacerbated or ameliorated impact of land use caused by climate variability (Zang et al. ) , which can be approximated as:
Thereby, the land-climate interactive effect (ΔQ I ) can be estimated by subtracting the single impact of land use (ΔQ L ) and its modified impact (ΔQ C L ):
RESULTS
Land use change
Classification of multi-temporal Landsat imagery resulted in land use maps for the HRB that are presented in Figure 3 .
Land use change analysis was performed for two subperiods (1974-1984 and 1984-2000) 1974-1984 and 1984-2000) , it can be seen that the land use change has the same qualitative aspects in all categories except for the grassland class.
Forest and water body have shown convergent regular downward trends in the two sub-periods, while non-uniform characteristics can be seen in farmland and urban trends.
There is a considerable increase in farmland area during the second sub-period from the first stage. In contrast, the ratio of the urban area increase during the first and second stages is 1.5:1. show upward (i.e., mean temperature) and downward trends (i.e., precipitation and runoff) throughout the study period ( Figure 4) . However, Pettit's procedure ( Figure 5) shows that the significant upward shift for mean temperature has occurred since 1986, while the significant 
Hydrological model calibration and validation
The ranks of the most sensitive parameters and their final calibrated values are given in Table 3 . SWAT was first calibrated at a monthly time step (Table 4 and Figure 7 ). The Ens, R 2 , and Re for the period were 0.83, 0.83, and 4.28%, respectively.
The Ens, R 2 , and Re for the validation period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) were 0.69, 0.77, and 36.36%, respectively.
SWAT model performance was further tested at a yearly time step (Table 5 and However, the simulated runoff during the validation period at a yearly time step (Figure 8(b) ) was evidently greater than the measured values in most years. This could be, therefore, reliable for supporting the hypothesis (SR.E) that isolates the extent of direct human influence on runoff from the other factors based on the differences between simulated runoff (without the human modifications effect) and observed (with human modifications).
Individual and combined impacts of climate variability
and anthropogenic activities on runoff 
Interaction between the driving factors within HRB
The results from Table 6 show that the combined effect of land use and climate leads to runoff reduction greater than the sum of their individual impacts. One factor is most likely the exacerbated impact of the other factor, hence resulting in a synergistic effect. This hypothesis is further confirmed by the results from Table 7 , which indicate that climate variability has clearly amplified the impact of land use by 23.67%. 
CONCLUSIONS
The primary objective of this study was to explore the complexities that are associated with multi-driver analyses, by examining both the separated and interactive naturalhuman influences on river runoff. A generic frameworkbased hydrological model (SWAT) and two approaches were developed and utilized to quantitatively estimate the individual, combined, and interactive impacts of three main processes, i.e., direct human activities, climate variability, and land use change on runoff. The analysis was conducted for the HRB, for the period 1961-2000, which has been heavily influenced by environmental change.
Climate variability alone has a negative lasting effect on runoff in HRB, while direct human activities mainly cause the abrupt runoff reduction. Land use change has less effect on runoff, but it imposes significant water-related direct human activities. The combined effect of land use and climate on runoff is observed to be more pronounced compared to their individual impacts in the basin.
The analysis of the interactive effect indicated that the driving factors on river runoff are multiplicative rather than additive. Climate variability clearly exacerbates the impacts of land use change on runoff through a noticeable synergistic effect. Moreover, it could be found that the driving factors interact to impact runoff through chain effects, whereby one factor tends to increases the magnitude of another factor. Thus, the interactive effect of environmental change drivers should be given more attention when assessing the potential impacts and predicting future changes.
Despite the uncertainties involved, the results of this study provide an insight about the linear and nonlinear responses of the runoff to environmental change in the study region. Based on understanding of the interaction effects between human-induced changes in the land surface and climate system, risks and opportunities can be summarized. Risks include ineffective conservation management; but opportunities also arise by which the negative impacts of climate variability can be reduced through appropriate land management as an adaptation measure. The proposed framework could be useful for the assessment of the potential effect of adaptation measures to cope with global change particularly in regions with high climate sensitivity and rapid socio-economic development.
